If BSE (bovine spongiform encephalopathy) infected the UK sheep population concurrently with cattle, it would only now be maintained by transmission between sheep by routes which could include from mother to lamb either in utero or via perinatal close contact. In this study of experimental BSE, Cheviot ewes challenged orally with BSE cattle brain produced lambs of various PrP genotypes over the next 7 years. Of 72 surviving to >30 months of age, 29 are of the most susceptible PrP genotype (AQ/AQ) and born to mothers that were challenged with BSE. None of the progeny have shown any signs of disease. The results suggest that in these sheep, BSE could only transmit by the maternal route at a frequency of less than one in four (95 % confidence limit) from clinically affected ewes, a rate which if replicated in other breeds may not be sufficient to maintain BSE within the sheep population.
The possibility that BSE has infected UK sheep, although unlikely (Gravenor et al., 2003) , has to be considered in assessments of any future risk of infection of human beings. In order for BSE to propagate itself as a natural disease, it would have to spread between sheep possibly as maternal transmission from ewe to lamb either via perinatal contact or in utero. The existing natural transmissible spongiform encephalopathy (TSE) of sheep, scrapie, has been reported as being maternally transmitted to progeny (Dickinson et al., 1974) , although the precise mechanism remains to be elucidated. An investigation into the possibility of ewe to lamb transmission of BSE therefore forms the basis of the present study, which has been under way for over 7 years. No cases have yet been observed of BSE in the offspring of our experimentally infected ewes, allowing us to put an upper limit on the frequency of maternal transmission, if it occurs at all.
Intracerebral (i.c.) and oral experimental infection of sheep with BSE have shown that infectivity (detected by mouse bioassay) is present in both brain and spleen (Foster et al., 1996) . Deposition of the disease-associated isoform of PrP protein, PrP Sc , is widespread throughout the central nervous and lymphoid systems, including the gut (Foster et al., 2001a) . This contrasts with clinical cases of BSE in cattle (Wells & Wilesmith, 1995; Wells et al., 1998; Terry et al., 2003) , where peripheral PrP Sc deposition is very low or non-existent. In sheep BSE, no evidence has been found of PrP Sc in reproductive or placental tissues, or fetal brain and spleen (Foster et al., 2001a) , although this contrasts with placental analysis from scrapie studies (Race et al., 1998; Andreoletti et al., 2002) .
The present study uses sheep from the NPU Cheviot flock, which differ in susceptibility, controlled by PrP genotype, to BSE following experimental oral infection (Goldmann et al., 1994; Foster et al., 2001b ). Genotype here is described using the single letter amino acid code for each of codons 136 and 171 for each allele in turn. [In our original studies of BSE in these sheep, no effect of codon 154 genotype was observed (Foster et al., 2001b) ]. AQ/AQ (Ala 136 Gln 171 / Ala 136 Gln 171 ) sheep develop disease with the shortest but variable incubation period and with 40-50 % of challenged sheep remaining clinically unaffected in our hands (see also Foster et al., 2001a) . Another experimental study of BSE in Romney sheep produced 100 % disease incidence in animals left to the end-point with incubation periods of 20-28 months (Jeffrey et al., 2001) . The basis for this breed difference in percentage of animals affected, although now well documented, is not understood. Our source of BSE has 10 3?5 infectious units g 21 measured in mice (Foster et al., 2001a) , similar to that used in the Romney sheep study (S. J. Bellworthy, personal communication). The oral doses delivered to the Cheviots were completely ingested by the animals. However, the Cheviot breed has much more complex PrP genetics than is found in Romneys and it is a strong possibility that the variation in response of susceptible Cheviots is because of an additional genetic component within the AQ allele group that remains at present uncertain despite extensive investigation of numerous polymorphic PrP animo acid codons by gene sequencing (W. Goldmann, unpublished) . As Cheviot PrP genetics is similar to that found in a wide range of UK sheep, the results, though complex, remain relevant. AQ/AR sheep have only succumbed after i.c., but not oral, inoculation and with very much longer incubation periods than AQ/ AQ. The AR/AR genotype is considered the most resistant.
However, a number of experimental cases have occurred in this genotype after i.c. BSE-challenge (Houston et al., 2003) .
In our experiments, sheep (n=20) were orally dosed with 5 g of BSE cattle brain. Four uninfected AQ/AQ sheep were mixed with infected sheep as controls for inadvertent contact disease transmission (see Table 3 ). Ewes were naturally mated with an AQ/AQ or AQ/AR ram each year producing seven lamb crops. Four rams were used, of which two remain alive at >106 months of age and two which died at >106 and >72 months of age with no clinical or histological signs of TSE. Rams were mated to infected and control ewes and there was no evidence for BSE transmission between ewes, or ewe-to-ram by this route.
At lambing, ewes were individually penned just prior to, and for up to 2 days following, parturition with their lambs before rejoining the main group. Placental tissue was removed from the pens as soon as possible. Weaning was at 4 months of age and lambs were then grouped according to gender. Any sheep (ewe or lamb which died or was culled at older than 1 week of age), had tissues (from the central nervous and lymphoreticular systems) recovered for immunocytochemical (ICC) assessment of PrP Sc using a streptavidin-biotin method and the anti-PrP monoclonal antibody BG4 (Foster et al., 2001a) . From most sheep, brain and spleen were harvested for potential use in transmission to the panel of inbred mice, which identifies BSE from the characteristic incubation times and lesion profiles in disease affected mouse brains (Bruce et al., 1994; Foster et al., 1996) .
A total of 105 lambs are surviving at the time of writing. Twenty progeny are at ages <30 months. Tables 1-3 show only those 85 animals now over the age of 30 months. This cut-off point was chosen because the earliest we could reasonably expect clinical signs of BSE to appear in offspring is (by comparison with natural scrapie) from about 24 months of age, the shortest oral BSE incubation period in our challenge experiments is 18 months and the mean incubation for all BSE oral challenges in NPU Cheviots is 26 months (J. D. Foster, unpublished) . The analysis has also included five offspring of challenged sheep that died of intercurrent illness (not TSE) at 30, 31, 37, 49 and 64 months of age, and one animal culled at 36 months and born to a control, uninfected ewe, see below. None of the intercurrent deaths had clinical signs of TSE or PrP Sc ; however, transmissions from brain and spleen were set up in mice from two of the culled sheep, the 30 month (AQ/ AR) and the 31 month (AR/AR). Both lambs were born to BSE-challenged AR/AR dams, which are still alive. If BSE was present in the culled animals at levels consistent with terminal BSE infection (around 10 3?5 infectious units g 21 in mice), expected mouse incubation periods (Foster et al., 1996) would be approximately 300-350 days in RIII mice and 400-450 days in C57 mice. At over 700 days after challenge, the results in both mouse strains for the culled sheep samples are negative.
Four of eight AQ/AQ ewes challenged with BSE, developed disease (Table 1) with incubation periods ranging from 18 to 58 months (see comments above relating to variation). ICC indicated widespread deposition of PrP Sc , on various tissues such as brain and lymphoid, but not placental (not shown but published previously in Foster et al., 2001a) . Age at dosing with BSE varied from 12 to 72 months as we have never found any association with incubation period length in NPU Cheviot sheep over 6 months of age, although we have a large-scale experiment under way to study age-related susceptibility to BSE in younger sheep. Brain samples from two of the clinically affected ewes (50634 and 55674) were inoculated into mice and BSE infection was confirmed in both cases by the characteristic incubation periods and lesion profiles associated with the disease (Bruce et al., 1994) . The progeny of BSE-challenged ewes can be divided into two groups, those born to ewes which developed clinical signs of BSE, and those born to ewes which remained healthy. Surviving challenged ewes could retain subclinical infection and act as carriers, still having the potential for the transmission of disease.
In total, nine of the most BSE-susceptible AQ/AQ lambs are amongst the 13 progeny that survive at >30 months, and born to ewes which developed clinical disease (Table 1) . One of the AQ/AQ lambs born in 1999 (to 52611) was culled at 49 months and was negative for TSE by histology and ICC; the remaining 8 AQ/AQ lambs are still living at >30 months of age (Table 1) . The upper 95 % confidence limit for the probability of transmission has been calculated by assuming that the number of lambs, of a particular genotype, contracting the disease have a binomial distribution. In this study, the probability of transmission is defined as the probability that a lamb aged at least 30 months shows clinical signs of the disease. Using this analysis, and if maternal transmission of BSE exists in the most susceptible genotypes and with proven clinical illness developing in the mother, the maximum rate of transmission would be less than 0?28. It should also be noted that six of the progeny were born over half-way through the BSE incubation period of their mothers, thereby increasing any putative maternal challenge. There are also four AQ/AR lambs surviving at 69 months of age having been born to clinically affected ewes. This genotype is susceptible to BSE experimentally inoculated by the i.c. route with a mean incubation period of 67 months (Foster et al., 2001b) .
Seventeen ewes were challenged with BSE but remained apparently healthy, apart from four intercurrent (non-TSE) deaths: one 4 months after challenge that produced no lambs, three at 14, 51 and 75 months after challenge. All four intercurrent deaths were negative for PrP Sc in brain and lymphoid tissue. Of the 16 ewes that produced lambs, four were AQ/AQ genotype, six were AQ/AR and 6 were AR/AR. All these genotypes are susceptible to BSEchallenge, although some only with the i.c. route (AQ/AR and AR/AR) and so all have the potential to act as asymptomatic carriers of infection. They have produced 81 lambs to date, 55 surviving at ages >30 months, plus four Challenged in 1997
Born 1997 (29) from challenged dams are considered the likelihood of transmission is less than 0?1 (95 % confidence limit). Transmissions to mice from two of this group of progeny have proved negative (see above in discussion of intercurrent deaths in older offspring).
Four AQ/AQ uninfected-control ewes produced 16 lambs, 14 at >30 months of age (Table 3) , all mixed with infected sheep for the lifetime of the experiment. Eleven control AQ/ AQ lambs are alive at >30 months of age, the oldest are >81 months of age. One additional AQ/AQ lamb died at 36 months (not TSE) and was included in the analysis, which gives a rate for contact transmission for the lambs of less than 0?22. However, one of four uninfected ewes developed an apparent neurological condition (shaking, not rubbing and loss of condition over 4 months) and was culled 48 months after joining the infected sheep groups. ICC detection of PrP Sc in brain was inconclusive, with some sparse deposits in the cerebellum, and completely negative in lymphoid viscera, which is not indicative of terminal BSE, or indeed of natural scrapie, in sheep (Foster et al., 2001a) . Mouse transmissions have also been set up using brain and spleen tissues from this unchallenged ewe and are negative (at the time of writing) after 570 days, around 270 days later than the earliest expected for BSE in RIII mice, and will continue to be observed. It is unlikely, however, from the ICC results, that this sheep developed a TSE infection. One other unchallenged ewe became ill (not TSE) at >72 months of age and was negative by immunostaining for PrP Sc .
Our results suggest that maternal transmission of BSE, even in the most favourable circumstances, could only occur in NPU Cheviots at a maximum rate of less than one in four. It is difficult to prove a negative result; however, from other studies experimental BSE in goats resulted in no clinical cases in progeny with a maximum possible transmission rate of <5 % (Foster et al., 1999) and natural maternal transmission of BSE from cow-to-calf was estimated at a maximum rate of 10 % (Wilesmith et al., 1997) . Our mixing of unchallenged ewes and their offspring with the experimentally challenged groups suggests that contact transmission of BSE is also inefficient.
All progeny will continue to be monitored. The possibility of hidden infection, or carrier-state, could have serious consequences for the UK National Scrapie Plan, which seeks to eradicate all TSEs in sheep by increasing the frequency of the PrP AR allele. However, our results should give some degree of confidence that if sheep-to-sheep transmission of BSE were to occur, it would probably only delay, and not prevent, BSE eradication.
